We analyze a classically scale invariant extension of the Standard Model with dark gauge U (1) X broken by doubly charge scalar Φ leaving a remnant Z 2 symmetry. Dark fermions are introduced as dark matter candidates and for anomaly reasons we introduce two chiral fermions. Due to classical scale invariance, bare mass term that would mix these two states is absent and they end up as stable Majorana fermions N 1 and N 2 . We calculate cross sections for N a N a → φφ, N a N a → X µ φ and N 2 N 2 → N 1 N 1 annihilation channels. We put constraints to the model from the Higgs searches at the LHC, dark matter relic abundance and dark matter direct detection limits by LUX. The dark gauge boson plays a crucial role in the Coleman-Weinberg mechanism and has to be heavier then 680 GeV. The viable mass region for dark matter is from 470 GeV up to a few TeV. In the case when two Majorana fermions have different masses, two dark matter signals at direct detection experiments could provide a distinctive signature of this model.
I. INTRODUCTION
With the recent discovery of the Higgs boson at the LHC [1, 2] comes the hierarchy problem. The null results in the first LHC run for supersymmetry, large extra dimensions and other popular theoretical resolutions of the hierarchy problem invites us to think about alternatives. The conjecture that classical scale invariance deems quadratic divergence of the Higgs mass a cutoff artifact was first discussed by Bardeen [3] . In this scenario the quantum breaking of scale invariance becomes a synonym for mass generation. In fact, we already know that such a mechanism takes place in the nature: in the chiral limit the QCD part of the Standard Model (SM) Lagrangian is scale invariant and the proton mass is determined by quantum effects. Thus, the basic message is to uplift the idea of classical scale invariance to a general principle of Nature and apply it also to the electroweak (EW) theory.
In perturbation theory, radiative mass generation can be accomplished through the Coleman-Weinberg (CW) mechanism [4] with the Higgs particle playing the role of the scalon -the pseudo Goldstone boson of a broken scale invariance [5] . It was soon realized that the CW mechanism is not possible in the SM due to the large top quark contribution.
This has been recognized as one possible theoretical motivation for building classical scale invariant theories that go beyond the SM [6] [7] [8] [9] , in several directions [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
Nowadays, there is ample astronomical and cosmological evidence that around 27% of the Universe is made of dark matter (DM). It's relic abundance points to the annihilation cross section of cold DM around the EW scale, making the Weakly Interacting Massive Particles (WIMPs) a leading DM candidates. This is another important hint for the physics beyond the SM which stimulates tremendous present and future experimental efforts in the direct, indirect and accelerator searches for DM.
In a scale invariant setup any dimensionfull quantity arises from a common scale. It is then tempting to establish a connection between the EW scale and a priori unrelated DM scale by generating both through the CW mechanism. This exciting possibility was investigated in a number of papers [9, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] , and is the main motivation for our work. The model used here is described by a dark U (1) X gauge group with a doubly charged scalar Φ coupled to the SM via the Higgs portal. The basic message of this construction is to generate the scale through quantum corrections in the dark sector which is then propagated to the EW sector through the Higgs portal. The dark sector contains two Majorana fermions N 1 and N 2 . Due to the remnant Z 2 symmetry both of these particles are stable and are therefore DM candidates.
We extend the investigation of this model initiated in [38] in several directions. We add the possibility that both fermions could significantly contribute to the DM relic abundance.
Besides the annihilation of N 1,2 into the φφ channel we also include the X µ φ channel. We use the recent LUX constraints for spin independent direct detection [43] . Finally, we discuss the possibility that the two Majorana fermions have the same or different masses.
We find that the DM particle lies within the range of 470 GeV up to a few TeV. The lower limit is set by the LHC constraints on the mixing angle between the dark scalar and the SM scalar. The upper limit comes from the estimated limitations set by perturbation theory. We find that the allowed parameter region of the model is also constrained by the direct detection limits set by LUX. The DM relic abundance is saturated by moderate values of the dark Yukawas and dark gauge coupling. The values for the spin independent cross section that are presently allowed are in the reach of future experiments. The sensitivity of the forthcoming XENON1T [44] and LZ [45] experiments offers excellent perspective for testing this model. In the case when the two Majorana fermions have different masses, two signals at direct detection experiments provide a distinctive signature for this model.
II. THE MODEL
The relevant part of the model Lagrangian is given as
where N L,R are left and right chiral fields with same charge g X as required by anomaly cancellation, and Yukawa couplings y 1,2 to the doubly U (1) X charged scalar Φ. The dark gauge X-boson couples to the U (1) Y SM gauge field via the kinetic mixing parameter sin [46] . After spontaneous symmetry breaking in the dark sector we end up with two Majorana fields
where H is the SM Higgs field, and Φ is a singlet under the SM group.
The Lagrangian in (1)- (3) is classically scale invariant. Therefore all the masses in the model will be generated dynamically. This will be accomplished by a CW mechanism, which is a perturbative version of the QCD-like mass generation. The breaking of scale symmetry is obtained by balancing the one-loop effective potential to its tree level counterpart.
We assume vacuum expectation values (vevs) for both scalars
In this work we use the GW framework [5] which imposes that the potential at the classical level is flat along a particular direction in field space. We first define a vector from scalar fields with non-vanishing vevs given in the polar coordinates as
The rewritten tree-level potential reads
The vanishing bracket defines the flat direction
given at some common scale Λ by the angle θ
Minimizing the potential we can also obtain the following relation between the vevs
Scalar mass eigenstates are given by
while φ remains massless at the tree level.
The common scale in the theory is generated by radiative corrections. Then, the splitting in the spectra is solely due to the different values of the dimensionless couplings in the model.
The quantum loop corrections are built on top of the flat direction [5] . The one-loop scalar potential reads [5, 9] δV (r) = Ar
where [9, 38] 
and v r is the vev of the field r. The mass for the scalar φ, the so-called scalon, is generated purely by radiative corrections. In the GW framework [5] this is
Due to the quantum numbers of N L,R a Dirac mass term mixing the two components would be possible. However, this would be in contradiction with the principle of classical scale invariance. Thus, both Majorana fermions are stable due to the respective remnant Z 2 symmetry making them the DM candidates in this model. On the other hand, the kinetic mixing term in (1) makes the dark X-boson unstable. For it to decay sufficiently quickly at the DM decoupling, the kinetic mixing parameter takes on the value larger than roughly sin 10 −8 . For possible X-boson LHC phenomenology, including a study of the constraints on sin , see [47] .
III. ANNIHILATION CROSS SECTIONS
In order to calculate the dark matter relic abundance we need to know the N 1,2 annihilation cross sections. In this work we will assume m N 2 ≥ m N 1 and consider the following channels
as shown on Fig. 1 . The DM annihilation to SM particles is suppressed by small portal coupling, the only communication between the dark and the SM sector. We have checked that those channels don't play a numerically significant role. We expand the cross sections in powers of relative velocity v, and show only the dominant components, that is, the annihilation into the dark sector.
The cross section for the N a N a → φφ channel is given as
where
The cross section for the N a N a → Xφ channel is given as
The cross section for the N 2 N 2 → N 1 N 1 channel is given as
and
IV. DARK MATTER CONSTRAINTS
A. Freeze-out and relic abundance
In this model we have two DM candidates, N 1 and N 2 . We will focus on two mass 
With typical values of ∆x 5 and x a f 25 we have m N 2 1.2m N 1 .
The number density over entropy density today, Y a ∞ = n Na /s 0 is approximately given by the formula [48, 49] 
where g * = 86.25 is the number of relativistic degrees of freedom at T f and m P l = 1.22×10
19
GeV is the Planck mass. The observed dark matter relic abundance of the Universe is It is possible that our DM candidates N 1 and N 2 are detected by elastic scattering of a nucleus at DM direct detection experiments. In our model the interaction with the nucleon is governed by the t-channel exchange of scalars h and φ (see Fig. 2 ) The spin independent cross section for direct detection is given by [51] 
where m p is the proton mass and f = 0.35 [52] parameterizes the nuclear matrix element.
We use the LUX published limits [43] on the direct detection cross section. We take into account the fact that we have two DM particles contributing to the relic abundance with different number densities and therefore different event rates. The modified LUX constraint scales as the ratio of the number density of the particular DM component, n a , and the number density for which this component would saturate the DM relic abundance.
V. RESULTS
In the following we show the predictions of this model for several quantities of interest.
There are six new parameters in the model: the gauge coupling g X , the two Yukawa couplings y 1 and y 2 , and the three quartic scalar couplings λ P , λ H and λ Φ . These are to be constrained by the Higgs boson mass m h = 125 GeV and vev v H = 246 GeV and the DM relic abundance Ω DM h 2 = 0.1187(17) [50] leaving three undetermined parameters.
We will show our results by fixing the mass ratio of the Majorana fermions (or, equivalently, the ratio of y a 's) and varying the scalon φ and the dark X-boson mass in a region set as follows. A light scalon φ is excluded in our model by the LEP Higgs searches providing a lower bound of 114 GeV. In addition to the large top quark contribution to the radiatively generated scalon mass m φ in (17) , there are also contributions from DM Majorana fermions N 1 and N 2 that need to be overcome by the dark X-boson contributions for the CW mechanism to work. This sets a lower limit on dark X-boson mass. The parameter space we will cover starts from the initial values m φ = 114 GeV and m X = 600 GeV.
Our results also take into account the current LHC data providing an upper bound on the scalar mixing angle sin θ < 0.37 [36, 40, 42] . In our calculations we will also include the direct detection constraint discussed in the previous Section. Here we focus on the scenario Fig. 4 . The behavior of g X can be understood as follows: a small scalar mixing angle leads to a small portal coupling λ P . In order to keep the Higgs mass fixed, this leads to a large vev v Φ of the scalon in (9), typically by an order of magnitude larger than the EW scale. This vev, shown on right panel of Fig. 3 , sets the scale of the DM annihilation processes to the hidden sector. Therefore, since we know that the DM cross section should be of the order of the EW scale, we need appreciable dark gauge g X and Yukawa y a couplings to compensate the large vev. In addition, the CW mechanism favors large gauge couplings, but, at the same time, disfavors large Yukawa couplings, creating some tension between the two. This is the reason behind the non-monotonous behavior of g X on the left panel of Fig. 4 .
On Fig. 5 we show the direct detection cross section σ SI as deduced from (29) . The direct detection proceeds through the Higgs portal and is therefore proportional to the mixing angle sin 2 θ. However, the moderate values of the Yukawa coupling yield σ SI already within the We impose the LHC bound on sin θ and the LUX experiment constraints.
range of LUX experiment [43] . The obtained result is largely independent of the X-boson 
